The two principal tRNA yS isoaccepting species of Bacillus subtilis were compared in their functional activity in translating rabbit globin. Although neither species demonstrates any preference in reading either of the lysine codons, there is an overall preference for tRNAJ,'
isoacceptor designated tRNA_ which is not considered in the present study because it accounts for less than 10% of total tRNA yS in cells at any growth stage.
The function in protein synthesis of the tRNA isoacceptors from B.
subtilis 168 was investigated in the present study using rabbit reticulocyte lysates in which the added tRNA species incorporate labeled lysine into globin.
The known amino acid sequences of the rabbit globin subunits and the base sequences of the subunlt mRNA's ' permit correlation of amino acid residues with their codons. Our approach can be used to compare three aspects of the 8 9 10 function in translation of competing tRNA's as described previously ' ' including codon preferences, overall usage, and the comparative activity of each species in incorporating lysine into each lysine-containing site in the globin subunits. Structural studies on the tRNA isoacceptors will be presented in the accompanying paper to provide some basis for the functional differences described here. Ci/mmol).
MATERIALS AND METHODS

Growth
After aminoacylation the contents of each reaction mixture were loaded onto 1 ml DEAE-cellulose columns packed in syringes. After washing with a solution of low salt, the tRNA of each reaction was eluted, precipitated with ethanol, and collected on a Millipore nitrocellulose filter. These aminoacylated fractions were then added to the protein synthesizing systems described below. Lvs Incorporation of lysine from B. subtilis lysyl-tRNA ' into rabbit globin tryptic peptides
The present study follows in detail the procedure described previously for the incorporation of amino acids from added aminoacy1-tRNA's into globin in a rabbit reticulocyte lysate ' ' . Incorporation both from the two major lysyl-tRNA yS species added singly and from the tRNA ys isoacceptors with contrasting amino acid labels added in competition were studied. One hundred to 200 pmol of each exogenous labeled lysyl-tRNA yS were added. Added exogenous tRNA yS accounted for 5 to 10 times more tRNA yS than the endogenous tRNA yS present in reticulocyte lysates . In experiments in which the two tRNA isoacceptors were added in competition with each other, equal amounts of each isoacceptor were added. Duplicate and reciprocal (isotopic labels reversed on the isoacceptors) experiments were performed, and duplicate fingerprints from each experiment were obtained.
After 30 minutes of incubation of the reticulocyte lysates with added tRNA at 25°, hemoglobin was prepared, and heme was removed from globin as deft 9
scribed previously ' . At that point determinations were made of the relative "usage" of the two competing tRNA isoacceptors by determining the fmoles of lysine incorporated from each and using the formula of Rosenbloom and his coworkers ' as previously described by our laboratory Globin subunits were then prepared and digested with trypsin, and the tryptic peptides were resolved by fingerprinting and identified as previously described . Since there is no more than a single lysine residue per tryptic peptide, it is possible to identify single lysine residues unambiguously. In competition experiments double labeling techniques were used to distinguish incorporation from the two tRNA ys isoacceptors. In order to avoid the consequneces of variable quenching of H in different globin subunit and tryptic peptide preparations, all samples were counted after heme removal, and when reciprocal experiments were done, the results were averaged.
RESULTS
Lvs Relative usage of the tRNA
J isoacceptors in globin synthesis
Three to 10% of the labeled lysine added as lysyl-tRNA was incorporated into globin. This is a smaller percentage of incorporation than occurs from 8 10 similar amounts of animal aminoacyl-tRNA in which 20 to 30% of histidine ' 9 and lysine are incorporated under similar conditions. Lysine incorporation from 15. subtilis tRNA continued through the incorporation period but at a decreasing rate. At the end of the period some labeled lysyl-tRNA still remained .
Based on three separate experiments, 58% of the total lysine incorporated was from tRNAand 42% from tRNA.. although the two isoaccepting species Lys Lys were added to lysates in equal amounts. The usage ratio of tRNA /tRNA ' is, therefore, 1.38.
Site-specific incorporation of lysine from the tRNA ys isoacceptors
Experiments in which the tRNA yS isoacceptors were added singly revealed that each incorporates lysine into every lysine-containing site in each subunit of rabbit globin. The experiments indicate that the minor isoacceptor, tRNAdoes not function uniquely in the incorporation of any lysine residue.
The results of incorporation by the two tRNA isoacceptors in competition with each other are shown in Table I . In competition, each of the two isoacceptors incorporates lysine into every lysine-containing site in rabbit Lys The counts in both spots have been combined for this table.
•Incorporation ratios differing from the mean of ratios by more than 1 or 2 (**) standard deviations.
[ 14 C] and [ 3 H]lysine esterified to B. aubtilis tRNA^y s and tRNA L y s were incorporated into the tryptic peptides of the globin subunlts as described in the text. The results shown are the average of lysine found in duplicate fingerprints as incorporated by two lysates with opposite labels in the lysine on the two Lys-tRNA L y s isoacceptors. Counts in peptides which do not contain lysine were taken as background levels and have been subtracted from the values shown. globin just as they do when added separately. A possible exception could be the lysine residue in the core peptides which are insoluble and are therefore not prepared with the other peptides or observed on fingerprints. It should be noted that the amounts of labeled lysine found in the different peptides varies considerably. In the case of the a peptides, this variation is determined by peptide recovery and occurs randomly, but in the peptides of the 8 subunit the amount of labeled lysine found generally increases from the aminoto the carboxyl-end of the subunit. This suggests that most of the incorporation was into partially completed 6 subunits and that relatively little reinitiation of translation of the B subunit occurred. Differences in the proc-14 esses of initiation of the two subunits are recognized
The ratios of lysine incorporated by the two isoacceptors are independent of peptide recovery and reflect the general preference for tRNAo over tRNA yS . The mean value of the ratios of incorporation of tRNA^y s /tRNA yS is 1.88, consistent with the usage ratio described above which was determined with intact globin subunits. While the preference for tRNA ys is apparent in most sites, there is a site in each subunit in which the usage of each isoacceptor is approximately equal. In each subunit the residue is in peptide 8 .
which consists of a single lysine which is in tandem with the carboxy-terminal 9 lysine of peptide 7. Interestingly, our previous work indicates that these same residues are incorporated preferentially by the hypomodified tRNA species of rabbit liver which is generally less preferred. The table indicates those ratios which differ from the mean of all ratios by more than one and by more than two standard deviations.
There is little, if any, evidence of codon-related preference by either of the tRNA y isoacceptors. The AAG encoded residues are incorporated by the two isoacceptors in a variety of ratios. The AAA encoded sites show a small but Lvs consistent preference for tRNA,-' which is in excess of the mean preference for this isoacceptor.
It is uncertain why the incompletely split peptide aTl-2 has an incorporation ratio which is not consistent with those of the peptides as seen separately on the fingerprints. We suggest that the separate peptide aTl is contaminated by surrounding lysine containing peptides such as aT9 and aT12 (see fingerprint in ref. 8) , thus reducing the apparent preference for tRNA 3 yS in incorporation into this position. aTl is more likely to be contaminated than aT2 or aTl-2, and we believe that the incorporation ratio of the unsplit peptide is a better indication of the incorporation ratio of aTl than the apparent ratio of the separate aTl spot.
Miscoding by the B. sub tills tRNA ys isoacceptors in rabbit globin synthesis 
